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Introduction {#sec001}
============

Bladder cancer is one of the most common carcinoma and ranks the ninth in worldwide cancer incidence. More than 12 million new cases arise each year globally. In particular, bladder cancer accounts for approximately 180,000 new cancer diagnosis and more than 50,000 deaths annually in the United States and European countries\[[@pone.0161886.ref001],[@pone.0161886.ref002]\]. To cure human bladder cancer, traditional and current methods, such as radical cystectomy, chemotherapy, radiotherapy, concurrent chemotherapy and radotherapy, combination of radical cystectomy and chemotherapy and immunotherapy, are widely used\[[@pone.0161886.ref001],[@pone.0161886.ref003]--[@pone.0161886.ref005]\]. However, these therapies usually encounter a variety of adverse effect such as distant metastasis, local recurrence, toxicity to health, low survival of patients and cost-effectiveness. Base on the above side effect and poor life quality of patients\[[@pone.0161886.ref004],[@pone.0161886.ref006],[@pone.0161886.ref007]\], new drugs are urgently required to treat bladder carcinoma.

Vitamin K is one of the fat-soluble vitamins which are indispensible to human health and rich in a variety of food. Usually, vitamin K exists in three forms including phylloquinone (VK1), menaquinone (VK2) and menadione (VK3). Predominant research on vitamin K has devoted to its role as a critical factor in blood coagulation, a cofactor in bone metabolism and prevention of cardiovascular calcification\[[@pone.0161886.ref008]--[@pone.0161886.ref010]\]. Recent years, a growing number of studies have revealed that vitamin K exhibited remarkable anti-proliferative effects on cancer cells.

Vitamin K2 (Menaquinone) is a series of vitamin K with multi-isoprene units at the 3-position of the naphthoquinone, which are named as MK-n by the number of the prenyl units\[[@pone.0161886.ref009],[@pone.0161886.ref011]\]. For instance, MK-4, utilized in this study, is endowed with four isoprene units in its side chain. Original studies have discovered that vitamin K2 was produced by a vast array of bacteria and originally isolated from putrefied fishmeal as a product of microbial synthesis\[[@pone.0161886.ref009]\]. Recent studies have suggested vitamin K2 can actually be produced by animals and humans via conversion of other forms of vitamin K \[[@pone.0161886.ref012]\]. Furthermore, as the latest studies indicated, Menaquinone 4 (MK-4, one of vitamin K2 forms) was synthesized by UBIAD1, a geranylgeranyltransferase, in humans from the conversion of phylloquinone (VK1) and menadione (VK3) \[[@pone.0161886.ref012]\].

To date, abundant studies have shown that vitamin K2 can exhibit anticancer activity in various cancer cell lines, including leukemia, lung cancer, ovarian cancer, prostate cancer and heptocellular cancer \[[@pone.0161886.ref013]--[@pone.0161886.ref017]\]. Although some studies have revealed vitamin K2 exerted anticancer effect mainly by blocking the cell cycle at the G1 phase and inducing the caspase-3-mediated apoptosis, the detailed mechanism of anticancer effect of vitamin K2 remains unclear\[[@pone.0161886.ref017]--[@pone.0161886.ref019]\]. In this study, we demonstrated vitamin K2 induced apoptosis in human bladder cancer cells via generation of reactive oxygen species (ROS) which subsequently mediated MAPK and Mitochondrial pathways. Moreover, because vitamin K2 is ubiquitously produced in human and without adverse effects for clinical treatments, we adopted vitamin K2 treatment to nude mice bearing human bladder cancer cells and showed vitamin K2 sufficiently induced apoptosis of bladder cancer cells in vivo. This study was the first time to utilize vitamin K2 to treat human bladder cancer cells and demonstrated the detailed mechanism of anticancer activity of vitamin K2, which provide the basic theories for curing human bladder cancer.

Materials and Methods {#sec002}
=====================

Cell culture {#sec003}
------------

The human bladder cancer cell lines (T24, J82 and EJ) and human normal cell lines (L02 and HEK293) were obtained from the American Type Culture Collection (Manassas, VA, USA). The T24, J82 and EJ cells were cultured in Minimum Essential Medium Eagle (MEM) supplemented with 10% Fetal Bovine Serum (FBS). While, the L02 and HEK293 cells were culture in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% Fetal Bovine Serum (FBS). All the cultures were maintained at 37°C in a humidified 5% CO~2~ incubator.

Animal study {#sec004}
------------

Twenty female BALB/c nude mice, 4- or 5-week old, were provided by experimental animal center (Tongji Medical college of Huazhong University of Science and Technology). Procedures and handing were strictly conducted in compliance with guidelines approved by the Science and Technology Department of Hubei province. All animal studies were approved by the Animal Experimentation Ethics Committee of Huazhong University of Science and Technology. All the efforts were made to minimize the animals' suffering and to reduce the number of animals used.

Drugs and reagents {#sec005}
------------------

Vitamin K2 was purchased from Sigma (USA), with carbon 82.6--84.9%, EmM 17.4--18.9 and completely soluted in ethonal. Vitamin K2 was dissolved in 99.9% ethanol at a stock concentration of 50 mM; it was then diluted to working concentration with MEM or DMEM. Ethanol was added to cultures at 0.1% (V/V) as a solvent control. 3-(4,5-dimethyl-2-thiazyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), N-acetyl cysteine (NAC) and Rhodamine 123 were purchased from Sigma Chemical Co. (St. Louis, MO). Annexin V-FITC (fluorescein isothiocyanate)/PI (propidium iodide) kit was purchased from BD Biosciences (San Jose, CA). The caspase-3 specific inhibitor Z-DEVD-FMK, JNK inhibitor SP600125 and p38 inhibitor SB203580 were purchase from Calbiochem (San Diego, CA). The antibodies against caspase-3, p-JNK, p38 and p-p38 were purchase from Cell signaling Technology. The antibodies against PARP, cytochrome C, COX IV, Bax, Puma, Bcl-2 and JNK were purchase from Proteintech. The antibodies against Actin was purchase from Santa Cruz.

Cell viability assay {#sec006}
--------------------

Cells were plated in 96-well plates at a density of approximately 1×10^5^ cells per well. Twenty four hours after plating, the cells were treated with vitamin K2. Cell viability was then evaluated using the MTT assay according to the manufacturer's protocol. The number of viable cells was evaluated by uptake of MTT, assayed at 590nm. Assays were performed in triplicate on three independent experiments.

Cell apoptosis assay {#sec007}
--------------------

To analyze cellular apoptosis, cells were harvested, washed with PBS and resuspended in 500 μl of 1× binding buffer. The resuspended cells were then stained with Annexin V-FITC/PI and incubated in the dark for 15 minutes. The number of apoptotic cells was analyzed by flow cytometry (Beckman coulter FC500)

TUNEL assay {#sec008}
-----------

DNA breaks were evaluated with an in situ cell death detecting kit (Roche Molecular Biochemicals, Basel, Switzerland), according to the manufacture's instructions. Briefly, Cells were treated with the indicated concentration of vitamin K2 for 24 hours at 37°C in a 5% CO~2~ incubator, After incubation, cells were washed with PBS and fixed with 4% paraformaldehyde, then the cells were rinsed and subjected to TUNEL staining (terminal deoxynucleotidyl transferase dUTP nick end labeling). The apoptotic cells were observed under the fluorescence microscope (Olympus, Japan).

Subcellular fraction {#sec009}
--------------------

The protein in bladder cancer cells was separated into cytosolic and mitochondrial fraction using a special cytosolic and mitochondrial fraction kits (Beyotime, China), according to manufacture's instructions. Briefly, Cells were harvested and mitochondrial isolation reagents were added and incubated on ice followed by centrifugation at 600g for 10 min. Supernatant was further centrifuged at 11,000g for 15 min. The mitochondrial fraction was contained in the pellets, while supernatant containing the cytosolic fraction.

Western blot analysis {#sec010}
---------------------

Cells were lysed with radioimmunoprecipitation (RIPA) buffer (Beyotime, Shanghai) supplemented with a protease inhibitor mixture tablet (Google Biology, Wuhan) for 30 minutes on ice. Total protein samples (40 μg) were then separated by SDS-PAGE (sodium lauryl sulfate (SDS)-polyacrylamide gel (PAGE)) and transferred to PVDF (polyvinylidenedifluoride) membranes (Millipore, USA). The membranes were subsequently blocked with 5% fat-free milk dissolved in Tris-Buffered Saline containing Tween-20 (TBST buffer) for 2 hours at room temperature and then probed with primary antibodies and incubated for overnight at 4°C. After incubation with horseradish peroxidase-conjugated secondary antibodies, The protein signals were detected using a chemiluminescence solution (ECL, Advansta, USA). Band intensity was quantified by Quantity one software (BioRad, USA).

Cell mitochondria membrane potential assay {#sec011}
------------------------------------------

To evaluate the changes of mitochondria membrane potential, Rhodamine 123, a mitochondria specific dye, was used. Briefly, Cells were harvested and washed with PBS twice, then stained with 1.5 μM Rhodamine 123 and incubated at 37°C for 30 minutes. The cells were subsequently washed twice with cold PBS to remove the unbound dye. The mitochondria membrane potential was evaluated by the fluorescence of Rhodamine 123 under the flow cytometry with excitation and emission wavelengths of 488 and 525 nm (Beckman, FC500).

Intracellular ROS detecting {#sec012}
---------------------------

To measure ROS generation, 2\',7\'-dichlorofluorescein-diacetate (DCFH-DA) was utilized. DCFH-DA, a cell membrane permeable dye, is converted to DCFH (a non-fluorescent cell membrane impermeable compound) by intracellular esterases and highly fluorescent DCF was produced by the oxidation of DCFH by intracellular ROS. Therefore, fluorescent DCF intensity is proportional to the amounts of intracellular ROS. Briefly, cells were harvested and stained with 10 μM DCFH-DA (Beyotime, China) for 30 minutes at 37°C, washed twice with PBS and then immediately analyzed by flow cytometry (Beckman, FC500). To observe intracellular ROS, cells were seeded on coverslips, treated with the indicated concentration of vitamin K2 for 24 hours, then stained with 10 μM DCFH-DA. Before DAPI staining, Cells were fixed in 4% paraformaldehyde, washed with PBS. Observing intracellular ROS was performed by confocal microscope (FV1000, Olympus).

In vivo study {#sec013}
-------------

Human bladder cancer EJ cells (1×10^7^) suspended in PBS were injected subcutaneously into the lower right flank of each mouse. After 2 weeks, when tumors reached approximately 50 mm in diameter, the mice were randomly divided into two groups. 10 mice were used in each group. Treatment was 30mg/kg of vitamin K2 by directly injection at tumor each day as the experiment group, while treatment was the equivalent volume of PBS by directly injection at tumor per day as the control group. Tumor size was measured using a sliding caliper two times per week and the volume (mm^3^) was calculated by the formula (W^2^× L) /2. After 21 days, mice were sacrificed and tumors were excised and sectioned for caspas-3, HE staining and TUNEL assays.

Statistical analyses {#sec014}
--------------------

All the experiments were performed at least three times. The data were analyzed using GraphPad Prism software. The results are displayed as the mean ± standard deviation, and the differences were measured using Student's t-test. Statistical significance was set at p\<0.05.

Results {#sec015}
=======

Vitamin K2 reduces bladder cancer cell viability {#sec016}
------------------------------------------------

To investigate the cell viability changes in human bladder cancer cells after treatment with vitamin K2, MTT assays were performed. Vitamin K2 significantly decreased the viability of human bladder cancer T24, J82 and EJ cells in a dose- and time-dependent manner. As shown in [Fig 1A](#pone.0161886.g001){ref-type="fig"}, T24, J82 and EJ cell viability was remarkably reduced following treatment with increasing concentrations of vitamin K2 (p\<0.001). Similarly, viability of T24, J82 and EJ cells was significantly diminished with prolonged treatment with 100 μM vitamin K2 (p\<0.001) ([Fig 1B](#pone.0161886.g001){ref-type="fig"}). On the other hand, viability of human normal cells (L02 and HEK293) was minimally affected after exposed to high concentration (100 μM) of Vitamin K2 ([S1A Fig](#pone.0161886.s001){ref-type="supplementary-material"}). These results suggest that vitamin K2 has anticancer activity in human bladder cancer cells, with low cytotoxic effect on human normal cells.

![Effect of vitamin K2 on the viability of three human bladder cancer cells.\
(A). Vitamin K2 dose-dependently reduced the viability of human bladder cancer T24, J82 and EJ cells. Cells were treated different concentration of vitamin K2 for 24 hours, respectively and cell viability was measured by MTT assays. (B). Vitamin K2 time-dependently decreased the viability of T24, J82 and EJ cells. Cells were treated with 100 μM vitamin K2 for 0, 6, 12, 18 and 24 hours, respectively, and cell viability was evaluated by MTT assays. Data represent the mean ± SEM of three different experiments with triplicate sets in each assay. \* P\<0.05, \*\* P\<0.01 and \*\*\* P\<0.001 vs vitamin K2-untreated group.](pone.0161886.g001){#pone.0161886.g001}

Vitamin K2 induces significant apoptosis in human bladder cancer cells {#sec017}
----------------------------------------------------------------------

To evaluate the apoptotic effect of vitamin K2 on bladder cancer cells, T24, J82 and EJ cells were respectively exposed to indicated-concentration of vitamin K2 for 24 hours. As shown in [Fig 2A](#pone.0161886.g002){ref-type="fig"}, vitamin K2 remarkably triggered apoptosis in human bladder cancer T24 cells in a dose-dependent manner and approximately 50% of the cells occurred apoptosis after exposed to 100 μM vitamin K2 for 24 hours, compared with less than 10% in control group (0 μM vitamin K2) ([Fig 2B](#pone.0161886.g002){ref-type="fig"}). Similarly, J82 and EJ cells also underwent significant apoptosis after treatment with increasing concentration of vitamin K2, with approximately 30% of cells occurred apoptosis in 100 μM vitamin K2-treated group, compared with about 7.0% of cells in control group ([Fig 2C](#pone.0161886.g002){ref-type="fig"} and [S2 Fig](#pone.0161886.s002){ref-type="supplementary-material"}). In addition, TUNEL assays showed that DNA strands was dramatically broken in the T24 cells treated with 100μM vitamin K2 for 24 hours, compared with intact DNA strands in control group ([Fig 2D](#pone.0161886.g002){ref-type="fig"}). To further ascertain the apoptotic effect of vitamin K2 on human bladder cancer cells, caspase-3 and PARP, typical apoptotic markers, were measured by western blots. As shown in [Fig 2E](#pone.0161886.g002){ref-type="fig"}, cleaved caspase-3 and PARP were induced in vitamin K2 dose dependent-treated T24 cells, which indicated vitamin K2 indeed triggered apoptosis in human bladder cancer T24 cells. Next, to further confirm whether vitamin K2-induce T24 cell apoptosis was caspase-3 dependent, Z-DEVD-FMK, an inhibitor of caspase-3, was used. As indicated in MTT and apoptotic assay, the Z-DEVD-FMK significantly blocked the decreased viability of vitamin K2-treated T24 cells ([Fig 2F](#pone.0161886.g002){ref-type="fig"}) and abolished the vitamin K2-induced apoptosis in T24 cells ([Fig 2G](#pone.0161886.g002){ref-type="fig"}), which revealed that caspase-3 was involved in vitamin K2-induced apoptosis in T24 cells. To evaluate the apoptotic effect of vitamin K2 on human normal cells, HEK239T cells were utilized. As shown in [S1B Fig](#pone.0161886.s001){ref-type="supplementary-material"}, no significant apoptosis occurred in HEK239T cells after exposed to the indicated concentration of vitamin K2 for 24 hours. These results suggest that vitamin K2 undoubtedly triggers apoptosis in human bladder cancer cells, but not in human normal cells.

![Vitamin K2 induced apoptotic cell death in human bladder cancer cells.\
(A). T24 cells were treated with the indicated concentration of vitamin K2 and the apoptosis was evaluated with Annexin V-FITC/PI dyes and measured by Flow cytometry. (B). The quantification of apoptotic death in vitamin K2-treated T24 cells. (C). Flow cytometry showed that vitamin K2 induced the apoptotic death in another two human bladder cancer J82 and EJ cells. (D). The effect of vitamin K2 on apoptosis in T24 cells was determined by TUNEL method using a detecting kit. Scale bar: 100μm (E). Western blots indicated that vitamin K2 induced activation of caspase-3 and cleavage of PARP in T24 cells. (F) Vitamin K2 inhibited the caspase-3-dependent viability of T24 cells by MTT assays. 10μM Z-DEVD-FMK, a caspase-3 inhibitor, was pretreated for 1 hours before exposure of 100 μM vitamin K2 to T24 cells for 24 hours. (G). Z-DEVD-FMK, a caspase-3 inhibitor, remarkably attenuated the apoptosis in vitamin K2-treated T24 cells. Cell apoptosis was evaluated with Annexin V-FITC/PI dyes and measured by Flow cytometry. \* P\<0.05, \*\* P\<0.01 and \*\*\* P\<0.001.](pone.0161886.g002){#pone.0161886.g002}

Vitamin K2 induces mitochondria-related apoptosis in human bladder cancer cells {#sec018}
-------------------------------------------------------------------------------

To explore the underlying mechanism of vitamin K2-induced apoptosis in bladder cancer cells, we investigated whether mitochondria is associated with vitamin K2-induced apoptosis in human bladder cancer cells. As shown in [Fig 3A](#pone.0161886.g003){ref-type="fig"}, vitamin K2 remarkably disrupted the mitochondria membrane potential (MMP) of human bladder cancer T24 cells in a dose-dependent manner. As treatments with increasing concentration of vitamin K2 for 24 hours, a large number of T24 cells lost their MMP and approximately 90% of T24 cells had low MMP after exposed to vitamin K2 (100 μM) for 24 hours ([Fig 3B](#pone.0161886.g003){ref-type="fig"}). Similarly, vitamin K2 also caused significant collapse of MMP in J82 and EJ cells, another two human bladder cancer cells, in dose-dependent manners ([Fig 3C](#pone.0161886.g003){ref-type="fig"}). Moreover, the amount of cytochrome c in the mitochondrial fraction was reduced and conversely elevated in the cytosolic fraction after T24 cells were treated with vitamin K2 (50 μM and 100 μM) for 24 hours ([Fig 3D](#pone.0161886.g003){ref-type="fig"}). Next, we investigated whether Bcl-2 family proteins, such as Bax, Puma and Bcl-2, were implicated in the disruption of mitochondria membrane potential, upon vitamin K2 treatment. As shown in [Fig 3E](#pone.0161886.g003){ref-type="fig"}, vitamin K2 elevated the expression of Bax and Puma in T24 cells in a time-dependent manner. In contrast, the expression of Bcl-2, an anti-apoptotic protein, was diminished after prolonged treatment of vitamin K2. These results indicate that dysfunction of mitochondria is implicated in vitamin K2-induced apoptosis in human bladder cancer cells.

![Vitamin K2 triggered mitochondria-related apoptosis in human bladder cancer cells.\
(A). T24 cells were treated with the indicated concentration of vitamin K2 for 24 hours and the disruption of mitochondria membrane potential was measured using a specific mitochondria dye Rhodamine 123 by flow cytometry. M1 stands for the percentage of cells with low mitochondria membrane potential. (B). Quantification of T24 cells with low mitochondria membrane potential. (C). J82 and EJ cells were treated the indicated concentration of vitamin K2 for 24 hours and cells with low mitochondria membrane potential was determined using the Rhodamine 123 dye by flow cytometry. (D). T24 cells were treated by the indicated concentration of vitamin K2 for 24 hours, then cells were harvested and separated into cytosolic and mitochondrial fractions using a commercial kit. The expression of cytochrome C in cytosol and mitochondria was evaluated by western blots. (E) T24 cells were treated with 100μM vitamin K2 for 0, 12, 18, 24 hours respectively, then the total proteins were isolated from the cells and the expression of Bax and Puma were analyzed by western blots. \* P\<0.05, \*\* P\<0.01 and \*\*\* P\<0.001.](pone.0161886.g003){#pone.0161886.g003}

Activation of JNK and p38 are required for vitamin K2-induced apoptosis in human bladder cancer cells {#sec019}
-----------------------------------------------------------------------------------------------------

We next investigated whether MAPKs were involved in vitamin K2-induced apoptosis in bladder cancer cells. As shown in [Fig 4A and 4B](#pone.0161886.g004){ref-type="fig"}, vitamin K2 significantly induced phosphorylation of JNK and p38 in human bladder cancer T24 cells in a dose and time-dependent manner. To further confirm whether JNK and p38 activation contributed to vitamin K2-triggered apoptosis in human bladder cancer cells, SP600125 (a pharmacological inhibitor of JNK) and SB203580 (a pharmacological inhibitor of p38) were used. As shown in [Fig 4C and 4D](#pone.0161886.g004){ref-type="fig"} and [S3A Fig](#pone.0161886.s003){ref-type="supplementary-material"}, pretreatment of 40 μM SP600125 remarkably attenuated the decrease of cell viability and abrogated the apoptosis in T24 cells after exposed to 100 μM vitamin K2 for 24 hours. Moreover, phosphorylation of JNK, cleaved caspase-3 and PARP induced by vitamin K2 were significantly abolished by SP600125 ([Fig 4G](#pone.0161886.g004){ref-type="fig"}). These results indicate that JNK activation is involved in vitamin K2-induced apoptosis in human bladder cancer T24 cells. In addition, addition of 10 μM SB203580 significantly inhibited vitamin K2-induced the decrease of cell viability and blocked vitamin K2-triggered apoptosis in T24 cells ([Fig 4E and 4F](#pone.0161886.g004){ref-type="fig"} and [S3B Fig](#pone.0161886.s003){ref-type="supplementary-material"}). Furthermore, as shown in [Fig 4H](#pone.0161886.g004){ref-type="fig"}, SB203580 remarkably attenuated phosphorylation of p38 and inhibited cleaved caspase-3 and PARP in vitamin K2-treated T24 cells. Thus, active p38 is also associated with the apoptosis in vitamin K2-treated T24 cells.

![Activation of JNK/p38 is required for vitamin K2-triggered apoptosis in human bladder cancer T24 cells.\
(A). T24 cells were treated with the indicated concentration of vitamin K2 for 24 hours, then the total proteins were isolated from the cells and the phosphorylation of JNK/p38 was analyzed by western blots. (B). Western blots indicated that vitamin K2 at the concentration of 100 μM induced sustained phosphorylation of JNK/p38 in T24 cells. (C). T24 cells were treated with 40 μM SP600125(SP), a pharmacological inhibitor of JNK activation, for 1 hour before treatment with 100 μM vitamin K2 for 24 hours and cell viability was evaluated by MTT assays. (D). T24 cells were treated 40 μM SP600125(SP) for 1 hour before treatment with 100 μM vitamin K2 for 12 hours and apoptotic death was assessed by flow cytometry. (E). T24 cells were treated with 10 μM SB203580(SB), a pharmacological inhibitor of p38 activation, for 1 hour before treatment with 100 μM vitamin K2 for 24 hours, then cell viability was assessed by MTT assays. (F). T24 cells were pre-treated with 10 μM SB203580(SB) for 1 hour, then treated with 100 μM vitamin K2 for 12 hours and apoptotic death was determined by flow cytometry. (G). T24 cells were treated with 40μM SP600125(SP) for 1 hour prior to treatment with 100 μM vitamin K2 for 24 hours. The total proteins extracted from the cells were assessed by western blots. (H). T24 cells were treated with 10 μM SB203580(SB) for 1 hours before treatment with 100 μM vitamin K2 for 24 hours, the total protein was evaluated by western blots. \* P\<0.05, \*\* P\<0.01 and \*\*\* P\<0.001.](pone.0161886.g004){#pone.0161886.g004}

ROS generation is required for vitamin K2-triggered apoptosis in human bladder cancer cells {#sec020}
-------------------------------------------------------------------------------------------

Given that Reactive Oxygen Species (ROS) are able to initiate various stimuli-induced apoptosis, Next, we assessed whether ROS was involved in vitamin K2-triggered apoptosis in human bladder cancer cells. As shown in [Fig 5A](#pone.0161886.g005){ref-type="fig"} and [S4A Fig](#pone.0161886.s004){ref-type="supplementary-material"}, after treatment with 100μM vitamin K2 for 24 hours, intracellular ROS was significantly generated in human bladder cancer T24 cells, compared with control group (0 μM vitamin K2). Moreover, vitamin K2 induced ROS over-production in T24 cells in a dose-dependent manner. As shown in [Fig 5B](#pone.0161886.g005){ref-type="fig"}, vitamin K2 at concentration of 50 μM and 100 μM, respectively, elevated ROS level almost by 7.0 and 10.0 fold of the vehicle-treated group in T24 cells. In addition, ROS levels were also remarkably enhanced in J82 and EJ cells, upon treatments with vitamin K2 in dose-dependent manner ([Fig 5C](#pone.0161886.g005){ref-type="fig"}). Since exposure of human bladder cancer cells to vitamin K2 triggered ROS generation, we next evaluated the role of ROS generation in vitamin K2-triggered apoptosis in human bladder cancer cells. As shown in [Fig 5F](#pone.0161886.g005){ref-type="fig"} and [S4B Fig](#pone.0161886.s004){ref-type="supplementary-material"}, N-acetyl cysteine (NAC), a ROS scavenger, completely blocked ROS generation in vitamin K2-treated T24 cells. In addition, NAC almost reversed the cell viability decrease ([S4C Fig](#pone.0161886.s004){ref-type="supplementary-material"}) and abolished the apoptosis in vitamin K2-treated T24 cells ([Fig 5D and 5E](#pone.0161886.g005){ref-type="fig"}). Furthermore, as shown in [Fig 5G](#pone.0161886.g005){ref-type="fig"}, cleavage of caspase-3 and PARP that induced by vitamin K2 were almost blocked by pre-treatment of NAC, suggesting NAC completely abolished the vitamin K2-triggered apoptosis. Collectively, ROS generation is required and plays an essential role in vitamin K2-triggered apoptosis in human bladder cancer cells.

![Vitamin K2 induced ROS-mediated apoptosis in human bladder cancer cells.\
(A). T24 cells were treated with the indicated concentration of vitamin K2 for 24 hours and the intracellular ROS generation was evaluated using the DCFH-DA probe by flow cytometry. M reflects the positive DCF fluorescence (B). Quantification of the intracellular ROS generation in vitamin K2-treated T24 cells. (C). J82 and EJ cells were treated with the indicated concentration of vitamin K2 for 24 hours and intracellular ROS generation was assessed by flow cytometry. (D and E). T24 cells were treated with 5mM antioxidant N-acetyl cysteine (NAC) for 1 hour before the treatment with or without 100 μM vitamin K2 for 24 hours and the apoptotic death was determined by flow cytometry. (F). T24 cells were treated with 5mM antioxidant NAC for 1 hour before the treatment with or without 100 μM vitamin K2 for 12 hours and intracellular ROS generation was evaluated using the DCFH-DA probe by flow cytometry. (G). Activation of caspase-3 and cleavage of PARP were analyzed by western blots after T24 cells were treated with 5mM NAC for 1 hour before the treatment with or without 100 μM vitamin K2 for 24 hours. \* P\<0.05, \*\* P\<0.01 and \*\*\* P\<0.001.](pone.0161886.g005){#pone.0161886.g005}

ROS mediates mitochondria dysfunction and regulates the activation of JNK and p38 in vitamin K2-treated human bladder cancer cells {#sec021}
----------------------------------------------------------------------------------------------------------------------------------

We next investigated the relationship between ROS generation and mitochondria dysfunction. As shown in [Fig 6A](#pone.0161886.g006){ref-type="fig"}, antioxidant NAC significantly attenuated the vitamin K2-induced disruption of mitochondria membrane potential in T24 cells, indicating that ROS generation was responsible for vitamin K2-induced mitochondria dysfunction. In addition, NAC remarkable inhibited vitamin K2-induced up-regulation of Bax and Puma ([Fig 6B](#pone.0161886.g006){ref-type="fig"}), suggesting that ROS regulated mitochondria dysfunction through ROS-mediated expression of Bax and Puma. Moreover, we continue to investigate whether activation of JNK and p38 were involved in Mitochondria dysfunction. Both SP600125 and SB203580 significantly inhibited the collapse of Mitochondria membrane potential, which reveals that activation of JNK and p38 contribute to Mitochondria dysfunction ([Fig 6C and 6D](#pone.0161886.g006){ref-type="fig"}). To verify the relationship between ROS and JNK/p38 in vitamin K2-induced apoptosis in bladder cancer cells, antioxidant NAC was used. As shown in [Fig 6E](#pone.0161886.g006){ref-type="fig"}, antioxidant NAC remarkably alleviated the vitamin K2-induced phosphorylation of JNK and p38, suggesting that ROS generation mediated activation of JNK and p38 in vitamin K2-treated T24 cells. These results indicate that vitamin K2 induces T24 cell apoptosis via ROS-JNK/p38-mediated mitochondria dysfunction.

![ROS mediated the mitochondria dysfunction and regulated activation of JNK/p38 in vitamin K2-triggered apoptosis of human bladder cancer T24 cells.\
(A). T24 cells were treated with 5mM antioxidant NAC for 1 hour prior to the treatment with or without 100 μM vitamin K2 for 24 hours, then the mitochondria membrane potential was assessed using the Rhodamine 123 dye by flow cytometry. (B). The expression of Bax, Puma and Bcl-2 were changed after treatment with 100 μM vitamin K2 for 24 hours in the present or absent of 5mM antioxidant N-acetyl cysteine (NAC) to human bladder cancer T24 cells. (C). T24 cells were treated 40 μM SP600125(SP) for 1 hour before treatment of 100 μM vitamin K2 for 24 hours, mitochondria membrane potential was evaluated using Rhodamine 123 dye by flow cytometry. (D). T24 cells were treated 10 μM SB203580(SB) for 1 hour before treatment of 100 μM vitamin K2 for 24 hours, mitochondria membrane potential was evaluated using Rhodamine 123 dye by flow cytometry. (E). T24 cells were treated with 5mM NAC for 1 hour before exposure to 100 μM vitamin K2 for 24 hours, then the total proteins were isolated from the cells and activation of JNK/p38 were determined by western blots. \*\* P\<0.01 and \*\*\* P\<0.001.](pone.0161886.g006){#pone.0161886.g006}

Vitamin K2 exerts the activity of inhibitory growth in xenografted nude mice model by causing apoptosis {#sec022}
-------------------------------------------------------------------------------------------------------

To evaluate the effect of vitamin K2 on inhibitory growth in human bladder cancer cells in vivo, human bladder cancer EJ cells were injected subcutaneously into nude mice. When transplanted tumors reached a mean group size of approximately 50 mm^3^, mice were treated every day for 21 days by directly injection of 30 mg/kg vitamin K2 at tumors and directly injection of the equivalent volume of PBS as controls. As shown in [Fig 7A and 7B](#pone.0161886.g007){ref-type="fig"}, in nude mice, vitamin K2 remarkably inhibited the tumor growth and the tumor volume was gradually reduced after the 11^th^ day, compared with the sustained growth of control group. To determine whether the reduced tumor growth was due to the apoptotic effect of vitamin K2, we excised the tumors from the mice and sectioned for caspase-3 activity, TUNEL and HE staining assay. Compared with the control group, vitamin K2 induced activation of caspase-3 in tumor sections. Moreover, the TUNEL and HE staining assay showed the robust apoptosis in tumor sections from vitamin K2-treated mice, compared with the control group ([Fig 7C](#pone.0161886.g007){ref-type="fig"}). Taken together, vitamin K2 indeed inhibits the EJ cell growth in vivo by causing apoptotic death.

![Vitamin K2 inhibited the tumor growth in mouse bearing human bladder cancer cells.\
**Nude mice with EJ transplant tumors were directly injected with 30 mg/kg vitamin K2 at tumors each day for 21 days**. (A). Tumor volume changed after administration with 30 mg/kg vitamin K2 everyday. (B). Measurement of tumor volume in mice after treatment with or without 30 mg/kg vitamin K2 each day for 21 days before sacrificed the nude mice. (C). After 21 days treatments, mice were sacrificed and tumors were excised to sections. Activation of caspase-3 in the sections was measured with the immuno-histo-chemistry method using antibody against caspase-3. Staining TUNEL and HE in the sections was measured by the commercial kits, respectively. Scale bar: 50μm.](pone.0161886.g007){#pone.0161886.g007}

Discussion {#sec023}
==========

In this study, the anticancer effect of vitamin K2 on human bladder cancer cells was the first to demonstrate and the related mechanism was elucidated. As shown in [Fig 8](#pone.0161886.g008){ref-type="fig"}, vitamin K2 induces mitochondria-related apoptosis in human bladder cancer cells via ROS-JNK/p38 pathways, which explains the reason why vitamin K2 exerts anticancer activity in human bladder cancer cells.

![Schematic diagram of pathway involved in vitamin K2-induced apoptosis in human bladder cancer cells.](pone.0161886.g008){#pone.0161886.g008}

As suggested in many recent studies, multiple clinical scenarios were employed to cure bladder cancer, including radical cystectomy, radiotherapy, chemotherapy, immunotherapy and so forth. In particular, radical cystectomy and chemotherapy are considered as effective therapeutic regimen to treat bladder cancer, however, they have many severe adverse effects, such as distant metastasis, local reccurence, toxicity to other normal organs and cost-effectiveness, which dramatically affect the life quality of patients\[[@pone.0161886.ref003],[@pone.0161886.ref006],[@pone.0161886.ref007]\]. Therefore, new therapeutics with less side effects to cure bladder cancer are greatly required. It is widely recognized that vitamin K2 is closely associated with the improvement of human health, including functions as cofactor for blood coagulation, bone metabolism and reduces the arterial calcium deposition avoiding vascular calcification\[[@pone.0161886.ref008],[@pone.0161886.ref011]\]. Apart from these functions, interestingly, vitamin K2 also exerts potent anticancer activity in various cancer cells. Accumulating recent studies have documented that vitamin K2 induces growth suppression and apoptosis in a variety of cancer cells, including lung carcinomas, acute myeloid leukemia, ovarian cancer cells, prostate cancer cells and HCC cells\[[@pone.0161886.ref015],[@pone.0161886.ref017]--[@pone.0161886.ref019]\]. Consistent with the previous studies, it was indicated in our results that vitamin K2 exerts anticancer activity in bladder cancer cells, including inhibits cell growth by reducing the cell viability and triggers cell apoptosis by DNA breaks, activation of caspase-3 and cleavage of PARP. Moreover, Z-DEVD-FMK, a pharmacological caspase-3 inhibitor, significantly reverses the vitamin K2-induced apoptosis in T24 cells, suggesting caspase-3 mediates vitamin K2-induced apoptosis in bladder cancer cells.

A growing number of studies have revealed that Mitochondria plays a pivotal role in regulating apoptotic signal pathways \[[@pone.0161886.ref020]--[@pone.0161886.ref022]\]. In this regard, targeting the mitochondria might be a novel strategy for cancer therapy. As indicated from the previous studies, the mechanism of mitochondria-mediated apoptosis mainly depends on the dysfunction of mitochondria including loss of mitochondria membrane potential and apoptotic factors, such as cytochrome C, AIF, and smac, release into cytosol, which subsequently, activates caspase cascade. Interestingly, in this study, the remarkable collapse of mitochondria membrane potential was displayed in vitamin K2-treated T24 cells and cytochrome C, in turn, released from the mitochondria to cytosol. These results suggest that vitamin K2 induces mitochondria-related apoptosis in human bladder cancer T24 cells. Recent studies have suggested that Bcl-2 family proteins are greatly responsible for mitochondria dysfunction\[[@pone.0161886.ref023]--[@pone.0161886.ref025]\]. Up-regulation of Bax, Bak and Puma (proapoptotic proteins of Bcl-2 family) due to cellular stress can directly or indirectly cause collapse of mitochondria membrane potential. Satoki et al. had recently reported that vitamin K2 induces up-regulation of Bax and Bak, which lead to loss of mitochondria membrane potential in Hela cells\[[@pone.0161886.ref025]\]. In accordance with the former studies, our results showed that up-regulation of Bax and puma was also induced in vitamin K2-treated T24 cells, which may be one of reasons that vitamin K2 caused loss of mitochondria membrane potential in T24 cells.

MAPKs are one of the sensors in response to extra-cellular stimuli and mediate the cellular signals\[[@pone.0161886.ref026]--[@pone.0161886.ref028]\]. ERK is usually associated with cell proliferation and growth. In contrast, JNK and p38 are induced by cellular stress and closely associated with cell death \[[@pone.0161886.ref029]--[@pone.0161886.ref031]\]. To elucidate the exact mechanism involving in vitamin K2-induced apoptosis in human bladder cancer cells, the effect of vitamin K2 on activation of MAPKs was examined. Our results showed vitamin K2 induced activation of JNK and p38 in human bladder cancer T24 cells. In addition, either the SP600125 (a JNK inhibitor), or SB203580 (a p38 inhibitor) completely blocked the vitamin K2-induced apoptosis in human bladder cancer T24 cells, suggesting activation of JNK and p38 are required and involved in vitamin K2-induced apoptosis in T24 cells. Furthermore, it is interesting that SP600125 as well as SB203580 remarkably alleviated the disruption of mitochondria membrane potential, which indicates JNK, as well as p38, contributes to vitamin K2-induced mitochondria dysfunction in human bladder cancer T24 cells.

There are increasing evidences indicating that reactive oxygen species (ROS) mediates the intracellular signal cascades and excessive ROS production leads to intracellular stress, mitochondria dysfunction and ultimately cell apoptosis or necrosis \[[@pone.0161886.ref032]--[@pone.0161886.ref035]\]. In this study, vitamin K2 induced ROS generation in human bladder cancer cells in a dose-dependent manner. Moreover, antioxidant NAC significantly abolished the apoptosis and collapse of mitochondria membrane potential in vitamin K2-treated T24 cells. These results suggest that ROS remarkably mediates the mitochondria-related apoptosis in vitamin K2-treated T24 cells. Recent studies have elucidated that ROS mediated MAPKs activation in various stimuli-triggered cell apoptosis\[[@pone.0161886.ref026],[@pone.0161886.ref031],[@pone.0161886.ref036]\]. Concordantly, in our hands, antioxidant NAC significantly inhibited phosphorylation of JNK and p38, suggesting that ROS generation activates the JNK and p38, which is supposed to the upstream of vitamin K2-induced apoptotic pathway in human bladder cancer T24 cells. Growing evidence has indicated that many chemotherapeutic agents exhibit anticancer activity in numerious cancer cells by inducing ROS generation, suggesting that vitamin K2, in some extent like chemotherapeutic drugs, exerts anticancer activity in bladder cancer cells by providing oxidative stress.

In vivo study, we investigated the effect of vitamin K2 on the growth of human bladder cancer cells. As the results shown, vitamin K2 indeed inhibits the tumor growth in xenografte nude mice. In addition, we further determined that the inhibition of tumor growth was mainly due to vitamin K2-induced apoptotic cell death. These results indicate vitamin K2 is able to induce apoptosis in human bladder cancer cells in vivo. Furthermore, it is indicated from the latest studies that vitamin K2 is not applied in clinical therapy for cancer because of its insufficient strong activity to cancer. Considering the current clinical concerns, the method of directly injection of vitamin K2 at tumor was employed in our studies. Interestingly, treatment by directly injection of vitamin K2 into the tumors is a highly efficient method to kill the human bladder cancer cells in vivo, which maybe provide a new sight for clinical research.

In conclusion, our results demonstrated that vitamin K2 was able to induce mitochondria-related apoptosis in human bladder cancer cells via ROS-JNK/p38 MAPK signal pathways, which indicated a detailed mechanism of the anticancer activity of vitamin K2 in human bladder cancer cells. In addition, vitamin K2 also suppresses the growth of human bladder cancer cells in nude mice, which was further confirmed by vitamin K2-induced apoptosis. Considering the potent apoptotic effect on human bladder cancer cells but not on human normal cells, vitamin K2 will become a promising anticancer agent to cure human bladder cancer in future.
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###### Vitamin K2 had no siginificant effect on cell viability or apoptosis in human normal cells.

(TIF)

###### 

Click here for additional data file.

###### Vitamin K2 induced apoptosis in human bladder cancer J82 and EJ cells

(TIF)
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Click here for additional data file.

###### Vitamin K2 induced JNK/p38-mediated apoptosis in human bladder cancer T24 cells.

(TIF)
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Click here for additional data file.

###### Intracellular ROS is generated and responsible for the viability decrease in vitamin K2-treated T24 cells.

(TIF)

###### 

Click here for additional data file.
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